Identification and characterization of structural fluctuations that occur under native conditions is crucial for understanding protein folding and function, but such fluctuations are often rare and transient, making them difficult to study. Native-state hydrogen exchange (NSHX) has been a powerful tool for identifying such rarely populated conformations, but it generally reveals no information about the placement of these species along the folding reaction coordinate or the barriers separating them from the folded state and provides little insight into side-chain packing.
Identification and characterization of structural fluctuations that occur under native conditions is crucial for understanding protein folding and function, but such fluctuations are often rare and transient, making them difficult to study. Native-state hydrogen exchange (NSHX) has been a powerful tool for identifying such rarely populated conformations, but it generally reveals no information about the placement of these species along the folding reaction coordinate or the barriers separating them from the folded state and provides little insight into side-chain packing.
To complement such studies, we have performed native-state alkyl-proton exchange, a method analogous to NSHX that monitors cysteine modification rather than backbone amide exchange, to examine the folding landscape of Escherichia coli ribonuclease H, a protein well characterized by hydrogen exchange. We have chosen experimental conditions such that the rate-limiting barrier acts as a kinetic partition: residues that become exposed only upon crossing the unfolding barrier are modified in the EX1 regime (alkylation rates report on the rate of unfolding), while those exposed on the native side of the barrier are modified predominantly in the EX2 regime (alkylation rates report on equilibrium populations). This kinetic partitioning allows for identification and placement of partially unfolded forms along the reaction coordinate. Using this approach we detect previously unidentified, rarely populated conformations residing on the native side of the barrier and identify side chains that are modified only upon crossing the unfolding barrier. Thus, in a single experiment under native conditions, both sides of the rate-limiting barrier are investigated.
intermediate | thiol exchange I n order to fold and function, proteins must explore structural fluctuations away from their native conformation. Such fluctuations result in a distribution of conformations of differing stabilities that, together with the barriers separating them, constitute the energy landscape. These high-energy partially unfolded forms are important for various biological functions, including allostery (1-3), catalysis (4), motions of motor proteins (5-7), and aggregation (8) (9) (10) .
In spite of their importance, unfolding events occur very rarely under native conditions, and the populations of these conformations are very small, rendering experimental characterization of such partially unfolded species particularly challenging. Nativestate amide hydrogen exchange (NSHX) has proven to be a powerful technique to identify and provide residue-specific structural information about such species (11) . The power of NSHX to interrogate rare conformations is based on the Linderstrom-Lang model for the exchange process (12) , where an amide hydrogen in the "closed" or native conformation must undergo a fluctuation to some alternative "open" conformation in order to exchange (Scheme 1). Because the majority of molecules are in the native conformation, they are not available for exchange, allowing for the detection of rare, high-energy "open" species.
Depending on the relative kinetics of these processes, the observed exchange rate (k obs ) can report on either the rate of forming the open state, k op (EX1 regime, where k cl ≪ k int ), or on the stabilities of open forms, K op (EX2 regime, where k cl ≫ k int ) (13) (see SI Text). Under native conditions and at neutral pH, HX generally proceeds by the EX2 mechanism. Therefore, NSHX, which has successfully detected high-energy partially unfolded conformations in a number of proteins [see, for example, (14) (15) (16) (17) (18) (19) (20) (21) ], usually provides information only about the equilibrium populations of these species and not the barriers between them. Recently, methods employing triplet-triplet energy transfer have been used to probe both the kinetics and thermodynamics of extremely fast fluctuations on the native side of the rate-limiting barrier (22) . Other studies have used a combination of EX1 and EX2 HX data to localize intermediates along the reaction coordinate (17, 20, (23) (24) (25) (26) (27) (28) (29) (30) . Although it is possible to access different regimes for different probes in a single HX experiment (31) , such studies generally require probing the system under different experimental conditions, such as different pHs, and that these changes do not alter the protein's behavior.
Thiol alkyl-proton exchange (SX), which monitors cysteine side-chain modification, can access both the EX1 and EX2 regimes by simple adjustment of the concentration and chemical identity of the thiol-modifying reagent. Furthermore, under appropriately chosen experimental conditions, cysteine probes may kinetically partition into different exchange regimes, which allows localization of the associated exchange conformations on the reaction coordinate. For example, as shown in Fig. 1A , if the intrinsic thiol-modification rate is set such that global unfolding probes exhibit EX1 exchange kinetics, then so must all probes modified through a state on the unfolded side of the rate-limiting barrier. Moreover, the modification rates of such probes must match the rate of global unfolding. This tenet holds because all probe modification events are at least as fast as modification through the unfolded state, which itself is faster than recrossing the rate-limiting barrier from the unfolded side back to the native side. A corollary is that probes exhibiting EX2 exchange kinetics must be modified through states located on the native side of the rate-limiting barrier. It is also possible for probes modified on the native side to exhibit EX1 exchange kinetics, but such cases can be distinguished from unfolded-side probes because their rates of exchange will exceed the global unfolding rate. Thus the kinetic Scheme 1.
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This article contains supporting information online at www.pnas.org/lookup/suppl/ doi:10.1073/pnas.1103629108/-/DCSupplemental. regime (EX1 or EX2) and exchange rate of each cysteine probe report on the position of its exchange state relative to the dominant feature in the energy landscape.
In addition to the flexibility of SX experiments to access kinetic exchange regimes denied to HX, SX also has the power to probe important side-chain packing interactions that can be invisible to HX experiments. This ability depends on the presence of cysteine residues, which presents a potential drawback, as such experiments are either limited to naturally occurring cysteines or require the introduction of nonnative cysteines that may result in destabilization or changes to protein behavior. Thiol exchange, however, has been used to monitor the energetics of conformational changes such as unfolding (32) (33) (34) (35) (36) (37) (38) (39) (40) , suggesting that the perturbing effect of cysteine substitutions can be overcome.
Here we carry out a detailed investigation of native-state alkylproton exchange (NSSX) for a large set of cysteine residues throughout a variant of Escherichia coli ribonuclease H (RNase H; Fig. 1B ). This 155-amino acid protein is a well characterized model system known to populate a kinetic folding intermediate that resembles a high-energy conformation detected by NSHX (15, 41, 42) . To expedite the SX characterization, we employ a modified version of Silverman's gel-based methodology to simultaneously monitor alkylation at multiple sites (43) . The folding kinetics of the previously characterized variant D10A (44) relative to the intrinsic alkylation rate with the modifying agent iodoacetamide (IAM) allow us to apply a mixed EX1/EX2 approach to identify species on both sides of the rate-limiting barrier in a single experiment, characterize unique partially unfolded forms present on the folded side, and interrogate the rate-limiting folding barrier at the residue level.
Results and Discussion
Tuning Kinetics to Achieve EX1/EX2 Kinetic Partitioning. A version of the well characterized variant D10A E. coli RNase H* [*denotes a variant of the protein with the three native cysteines mutated to alanine (45) ] suitable for our NSSX experiments was created by the addition of an N-terminal 6-His tag and a C-terminal ybbR tag for fluorescent labeling (46) ; this variant is referred to here simply as D10A. These tags do not affect the stability of RNase H* as measured by equilibrium GdmCl denaturation (Table S1 ). To explore the relative kinetics of D10A folding and alkylation, the folding and unfolding kinetics were determined by circular dichroism (CD). The resulting chevron plot reveals the characteristic rollover in the folding limb attributed to the presence of a folding intermediate, as expected based on previous folding studies of E. coli RNase H* variants carried out under slightly different conditions (44) . The folding kinetics show that, under the conditions of the thiol exchange experiments for the slowestexchanging probes (∼1.2 − 1.8 M GdmCl), k int is slightly faster than k f (Fig. 1C) .
To determine the kinetic exchange regime for each probe, the dependence of the observed modification rates on the concentration of modifying reagent was measured; in EX2, the dependence is linear, while EX1 exchange is independent of modifying reagent concentration. Cysteine modification was detected by a scheme based on that originally used by Silverman (43) (Fig. 2) . Briefly, pools of single-cysteine variants that were exposed to iodacetamide for various lengths of time were subsequently fluorescently labeled, denatured, cyanylated at unalkylated cysteines, and cleaved at the positions of cyanylation. Fragments were separated by gel electrophoresis and normalized fluorescent band intensities were fit to a three-parameter single exponential decay to yield an observed exchange rate.
Using this protocol, the kinetic exchange regime was characterized for 43 cysteine probes introduced by site-directed mutagenesis into the D10A background ( Fig. 3 A and B, Table 1 ). Seven probes exchanged in the EX1 regime and 19 in the EX2 regime, demonstrating that successful kinetic tuning had been achieved. Five probes exchanged by a mixture of EX1 and EX2 termed EXX (47) , indicating that the closing rate for these probes is approximately the same as the intrinsic alkylation rate, and 12 exchanged too quickly to measure.
The perturbing effect of introducing cysteine mutations was investigated by determining the ΔG°u nf with CD-monitored GdmCl-induced denaturation for 18 single-cysteine variants in the D10A background. Destabilization due to the cysteine mutations varied (ΔΔG°¼ 0.2 − 4.4 kcal∕mol) (Table S1 ), indicating that caution must be used when interpreting the site- specific energetics determined by SX. Kinetic folding/unfolding experiments monitored by CD were also conducted with a subset of the single-cysteine variants ( Fig. 1 D and E) . The EX1 probes show slower folding than the D10A parent protein, while the unfolding rates are relatively unchanged (Fig. 1D) , indicating that the side chains at these positions are involved in the rate-limiting transition state to folding, as suggested by our kinetic partition model. In contrast, the EX2 probes show faster unfolding but do not significantly affect the folding rate (Fig. 1E) , indicating that the interactions involving these side chains are formed after the protein has traversed the major barrier to folding, which is also consistent with our model. Thus, the introduced mutations affect folding kinetics in a way that reinforces rather than invalidates the kinetic partition scheme. Having identified suitable conditions where probes partition between EX1 and EX2 kinetics and defined a range of kinetic and equilibrium effects due to the cysteine mutations, NSSX (thiol reactivity as a function of [GdmCl]) was carried out on D10A. The following analysis focuses only on probes that reacted by either EX1 or EX2 kinetics; due to the complexity of interpreting the exchange behavior for EXX probes, they were omitted from further structural interpretation.
EX1 Probes Reveal Information About Early Events in Folding.
Under the conditions of our experiment, we expect that all modification on the unfolded side of the barrier, either from an intermediate or from the unfolded state, should exhibit EX1 kinetics. The rate of modification for unfolded-side probes should then correspond to the global unfolding rate. As expected, the EX1 alkylation rates observed under the conditions of our experiment agree with the expected global unfolding rate as determined by CD (Fig. 3C) . A linear extrapolation to 0 M GdmCl, however, yields a range of k op (H 2 O) from about 10 −6 sec −1 to 10 −8 sec −1 , mostly due to variation in the calculated slopes, or m-values (Table 1) . Similar variation in the opening rates determined by HX has been seen for the protein turkey ovomucoid third domain and interpreted as independent unfolding events (23). It is unclear, however, whether the distribution seen in these NSSX experiments represents a real distribution in residue-specific opening rates, a result of small changes due to the effect of the cysteine substitution, or simply noise in the data.
Most of the probes that show EX1 behavior reside in the core of the protein (Fig. 3D) , identified both as an early protected region (<10 msecs) in pulse-labeling HX studies (41) and an equilibrium intermediate by NSHX (15, 42) . The exchange behavior of these probes indicates that, as expected, this core region is not modified upon fluctuations on the native side of the barrier, and Table 1 (G20C, yellow circles; M47C, yellow squares; A137C, green squares; A141C, green circles; and A55C, cyan squares). The green dashed line reflects a linear extrapolation of the denaturant-dependent exchange region for a probe with denaturant-independent exchange at low [GdmCl] . The black dashed line is an extrapolation of the kinetic ΔG and m-value as measured by CD. The error for the fit of the exponential decay for each point is at most AE0.3 kcal∕mol, with an average error of AE0.15 kcal∕mol. (F) PUFs as represented by SX probes rendered in spheres: green, helix E PUF; yellow, clamshell PUF; and cyan, high-energy PUF. EX1 probes are shown as blue sticks.
the protein must completely unfold for chemical modification of these sites at both the side-chain and backbone level.
Two EX1 probes, I7C and A24C, fall outside the core as previously defined by HX experiments. Our model, based on both pulse-labeling and native-state hydrogen exchange data, suggests that these residues are exposed in the folding intermediate. There were no data, however, to indicate where on the folding trajectory these residues become protected. These probes' NSSX EX1 behavior and observed alkylation rates, which match those for the other EX1 probes, suggest that these two side chains only become exposed and available for modification on the unfolded side of the barrier. For further confirmation, we measured the effects of the cysteine substitution on the folding kinetics. While A24C has no effect, the I7C mutation slows folding (Fig. S1) , and analysis of the kinetic effect indicates that the side chain gains structure on the unfolded side of the barrier, primarily after formation of the intermediate but before the transition state (Table S2) ]. Thus, modification of I7C likely occurs on the unfolded side of the barrier. The side chains of I7 and A24 are directed toward the core region, consistent with the suggestion that both are involved in important, previously unidentified packing interactions that stabilize the transition state.
EX2 Probes Explore Ruggedness of the Native Side of the Barrier. For those probes that were modified by EX2 kinetics, the observed alkylation rates were converted to free energies (ΔG°S X ) and plotted as a function of [GdmCl] (Fig. 3E) . As seen in similar native-state hydrogen exchange experiments, these data revealed both denaturant-dependent and denaturant-independent behavior (15, 34, 42) . All but one of the SX probes displayed only one of these mechanisms and thus could be fit linearly (A141C required a more complex fit to accommodate both types of alkylation) (see SI Text). The resulting m-values and extrapolated ΔG°S X (H 2 O) and ΔG°f luc are shown in Table 1 . Eleven of the EX2 probes, all of which reside near the surface of the protein, show alkylation rates with no or low denaturant dependence (m-value <1.4); modification at these positions was thus attributed to local structural fluctuations. Exchange of one additional probe, G11C, was also attributed to local structural fluctuations, but reacted too quickly under the conditions used for kinetic regime testing to confirm whether its exchange occurred by EX2. The remaining eight EX2 probes had denaturant-dependent alkylation rates, suggesting unfolding events that expose specific regions of the protein, or so-called partially unfolded forms (PUFs). The variation in destabilizing effects of the cysteine mutations prohibits our use of the ΔG°S X (H 2 O) as a criterion to cluster these probes into PUFs; instead, probes were grouped based on their calculated m-values and structural relationships, resulting in three clusters (Fig. 3F , Table 2 ).
The PUF with an intermediate m-value (Fig. 3F , green spheres) consists of side chains that reside on or pack with the final helix of the protein, the E helix. These probes would be exposed in a conformation with the E helix either undocked or unfolded, whose existence has been suggested by several independent lines of evidence. A fragment without the E helix shows cooperative folding and the ability to bind a peptide corresponding to the E helix (48) , and NSHX on Thermus thermophilus RNase H, a thermophilic homolog of the E. coli protein, revealed a PUF corresponding to the unfolding of this helix (49) .
These thiol exchange suggest the presence of this intermediate in full-length E. coli RNase H, which was not seen in previous NSHX experiments with either the wild-type or D10 variant, perhaps because they were limited to the EX2 regime (15, 42) . The hydrogen exchange results reveal the lowest energy PUF involving the E helix, and under the conditions of that experiment, the E helix exchanges from a conformation whose structure correlates with the folding intermediate, with both the E helix and the β sheet unfolded. The conformation suggested by these thiol exchange experiments, with the E helix exposed on the native side of the barrier, would be missed in the NSHX experiments if it were higher in energy than the folding intermediate. Because in our NSSX experiments the well characterized folding intermediate is accessed more slowly (EX1) than the native-side PUF (EX2), we are able to detect the PUF. helix E EX2 9.7 ± 0.8 3.5 ± 0.5 5.1 ± 0.1
Error propagated using average error for each point and overall error of the fit. ΔG°f luc calculated assuming m-value of 0. The denaturant dependence, or m-value, for this unfolding intermediate of 3.5 kcal∕mol·M as measured by thiol exchange is quite high relative to the m-values of 5.0 kcal∕mol·M for global unfolding (equilibrium denaturation monitored by CD; Table S1 ), 1.3 kcal∕mol·M for unfolding from the native state to the transition state, and 1.8 kcal∕mol·M for N to the folding intermediate (CD-monitored kinetics; Table S2 ). Such unexpectedly high mvalues are also seen for the other EX2 probes. If these m-values determined by our thiol exchange studies correspond to changes in exposed surface area, the data present a paradox: native-side PUFs that are more solvent-exposed than the transition state for unfolding. This interpretation would suggest either that m-value is not a good model for progress along the unfolding reaction coordinate, or that we have identified off-pathway intermediates with high degrees of solvent-exposed surface area.
Interestingly, NSHX-monitored unfolding of helix E and the β sheet of RNase H D10A also exhibits an m-value of about 3.5 (42) . One possible explanation for our data is that, although the probes that define this PUF are located along the E helix interface, the structure of this PUF corresponds to unfolding of more than just that helix. In such a scenario, the native-state thiol exchange experiments may access a native-side PUF with the E helix and β sheet unfolded. An alternative explanation is that the free energies derived from these thiol-modification rates increase with denaturant concentration independently of changes in solvent-exposed surface area. If this model holds, our analysis would lead to anomalously high m-values (and corresponding ΔG°S X ) unrelated to protein conformational change. This interpretation would also explain the cases where ΔG°S X ≥ ΔG°G dm melt , though this difference in ΔG°, most notably seen for G23C, could also be the result of a PUF that is higher in energy than the unfolded state.
A second PUF consists primarily of side chains at the interface of helix A and strand 2 (Fig. 3F, yellow spheres) . The smaller m-values for these probes (m avg ¼ 2.6 kcal∕mol·M) suggest less exposure of nonpolar surface area in this PUF, perhaps indicating an intermediate formed by a clamshell-like motion in which the β sheet and E helix move up and away from the core helices without unfolding. HX experiments do not reveal any such motion, likely due to the fact that this conformation exposes side chains while retaining the backbone hydrogen-bond network. Furthermore, the side chains exposed in the yellow PUF are proximal to the active site, suggesting that this species may be important for enzymatic activity. Detection of this clamshell-like motion highlights the ability of SX to provide important insights by probing side-chain packing.
The final PUF consists of a single probe, A55C, at the end of helix A (Fig. 3F, cyan spheres) . This probe resides within the core region as defined by backbone NSHX and is modified with a ΔG°S X and m-value close to those associated with global unfolding. There have been previous examples of single point mutations changing the exchange regime (50, 51) ; however, the measured CD kinetics show little change in the folding limb, suggesting that this is not the case (Fig. 1E) . Thus, it appears that alkylation at this position does not require crossing the rate-limiting folding barrier, indicating that A55C is exposed in a high-energy fluctuation on the folded side of the barrier. It is difficult, however, to construct a structural model for this species based on a single probe. Similarly, A110C showed analogous behavior to the yellow PUF, but because of its distant location at the end of helix D, this probe was omitted from structural interpretation.
Thiol Alkylation Provides Information About Side-Chain Packing.
These SX experiments highlight the importance of side-chaininteractions in folding. The EX1 kinetics that report on the global unfolding rate at positions 7 and 24, in conjunction with the Φ-value analysis for I7C, indicate that, during folding, these side chains become structured prior to the rate-limiting transition state, earlier than detected by previous kinetic HX experiments. The clamshell-like (yellow) PUF suggests a species, potentially involved in activity, that does not involve any change in backbone hydrogen bonding, and there are likely similar motions in other systems that are important for activity but are largely invisible to HX experiments due to an absence of associated backbone perturbations. Furthermore, analyses of the positions that react by fluctuations (independent of [GdmCl]) or are alkylated too quickly to measure provide additional evidence of variation between side chain and backbone exchange behavior. There are many instances where the side chain is exposed to solvent while the backbone is protected, but there are also four probes (L49C, I116C, A133C, and A137C) that show protection by SX despite exchanging too quickly to measure by HX. These probes do not describe a structurally contiguous region, but their SX behavior indicates that side chains can play a crucial role in anchoring different regions of the protein, even while the backbone is subject to fluctuations.
The nature of intermediates on the native side of the unfolding barrier has been a topic of recent interest. There is some evidence that unfolding begins with the formation of a dry molten globule (22, 52) . While the intermediates we observe may be related to such a dry molten globule, our data only provide information about side chain exposure that allows for alkylation by iodoacetamide. Thus, further experiments are needed to test if any of these newly identified intermediates on the native side of the barrier arise from fluctuations involving a dry molten globule state. For example, Loh and coworkers (53) have shown that SX experiments carried out with thiol-modifying reagents of different sizes can yield information about the magnitude of opening events that expose specific thiol groups; such experiments may provide useful insight into the nature of the species detected here.
Conclusions
Native-state alkyl-proton exchange offers a powerful complement to hydrogen exchange studies of a protein's energy landscape. In addition to providing information about the environment of the side chain, SX provides the opportunity to obtain both kinetic (EX1) and thermodynamic (EX2) information under the same conditions (pH, temp, etc). By tuning the intrinsic thiol-alkylation rate and using a well characterized variant of E. coli RNase H, we have assigned probes to alkylation-competent species on either side of the barrier. Furthermore, these SX experiments identify PUFs on the folded side of the barrier that in NSHX may have been masked by the lack of backbone exposure or the limitations of an all-EX2 equilibrium experiment.
As a general tool, the approach of a mixed EX1/EX2 thiol exchange experiment has a number of advantages over a traditional EX2 experiment. The ability to assign species to specific regions of the reaction coordinate relative to the rate-limiting barrier is of paramount importance for characterizing folding and unfolding pathways. The kinetic partitioning principle can also be extended by taking advantage of the range of intrinsic rates furnished by a variety of modification agents to explore specific regions of the landscape based on different kinetic barriers. The ability of these NSSX experiments to detect high-energy species on the folded side of the rate-limiting barrier, even if the same positions are also exposed in lower energy species on the other side of the barrier, provides an important tool for identification of partially unfolded forms. Furthermore, SX experiments reveal unique information about the role of side-chain packing in folding that is not revealed by HX. Finally, by combining HX and SX experiments to access different kinetic regimes and probe backbone vs. side-chain exchange, we can create a more complete picture of the protein's energy landscape than either technique can provide alone.
